e UV-Vis absorption and conductivity properties of the organic sample cochineal (Dactylopius coccus Costa) were modified by using it as a reducing agent in the biosynthesis of silver nanoparticles. is was done in a straightforward way in order to allow its possible application in organic devices. e biosynthesized solution exhibited a hybrid material with a UV-Vis absorbance range from 205 to 650 nm. e sizes of silver nanoparticles of the hybrid material were between 5 and 10 nm. X-ray diffraction (XRD) revealed silver structures, when samples were dried at 100°C. At 40°C, the structures detected were chlorargyrite (AgCl) and silver oxide (Ag 2 O). e nucleation and subsequent growth of the hybrid thin film on the substrates indicated an increase of clusters and roughness in comparison to thin films made solely from cochineal. e thin films of hybrid materials showed an improvement of 40% in their electrical potential. e stability at room temperature demonstrated that the hybrid material could be useful as a potential candidate for photoactive thin films in organic devices.
Introduction
Organic semiconductors have witnessed considerable development in recent years, with increasing research activity on this class of materials and their potential applications.
e interest in this area is to obtain new organic compounds with improved, more efficient properties for the manufacture of organic, light-emitting diodes (OLEDs) [1] , organic photovoltaic cells (OPVs) [2, 3] , and thin film transistors (TFTs) [4] . e biosynthesis of new hybrid structures using natural organic compounds for development of photoreactive compounds is straightforward and significantly reduces the cost of organic devices.
Cochineal insects (Dactylopius coccus C.) from the city of Loja, Ecuador, were used here to form a new hybrid structure. Cochineal is not only the main red dye used in Central America, but it was also used in Ecuador and Peru by the Incas, before the Spanish conquest. Cochineal is made up of 80% carminic acid (CA). In the 16th century, it was exported to Europe and began to replace the domestic kermes insect (Kermes vermilio) [5, 6] . Cochineal insects are nowadays widely used in the food industry to replace synthetic colorants, and its antioxidant properties have been well known for a long time [7, 8] .
In this study, we observed the increased UV-Vis spectral absorbance and electrical conductivity of the natural pigment through biosynthetic silver nanoparticles [5] . To improve the optical and electrical properties of cochineal, it was used as the reducing agent during the biosynthesis of silver nanoparticles (AgNPs) without submitting the cochineal to any kind of separation of its primary compounds. e cochineal extract was used as the reducing agent for the biosynthesis of AgNPs, since green synthesis of the AgNPs has been an easy, affordable, inexpensive technique and is potentially not harmful to human health and the environment [9] [10] [11] [12] [13] [14] . Different volumes of cochineal dye (pH � 12, [5] ) in 1 ml of AgNO 3 solution (10 mM, pH � 5.6) were analyzed with UV-Vis spectrometry, Commission Internationale de l'Eclairage (CIE) chromaticity diagram, cyclic voltammetry (CV), scanning transmission electron microscopy (STEM), energy dispersive X-ray spectroscopy (EDS), dynamic light scattering (DLS), and X-ray diffraction (XRD). e surface morphology and electrical properties of the thin films were analyzed using atomic force microscopy (AFM). is suite of analytical tools facilitated the study of the thin films from multiple perspectives and explained their increased conductivity properties.
Materials and Methods

Materials. Dactylopius coccus
Costa samples were obtained from the city of Loja, Ecuador. e insects, which were found in the tuna (fruit) of Opuntia ficus-indica, secrete a white and cottony substance that serves to protect them from external, environmental conditions. e interesting property of these insects is that they generate a natural red pigment inside their body. e goal of this research was to improve the properties of the cochineal by the synthesis of silver nanoparticles. e silver nitrate and all the solvents used in the sample preparation were obtained from Sigma-Aldrich (Missouri, United States).
Hybrid Material Synthesis.
Ten grams (10.0 g) of the cochineal sample was dissolved in 3.0 L of methanol and distilled water (9 :1, resp.). is solution was evaporated using a Rotavapor (Buchi R-220) at 40°C and a pressure of 44000 Pa before being vacuum-filtered (a filter paper of 0.45 μm). For the reduction of AgNO 3 , the pigment was diluted with NaOH to obtain a pH of 12 [9] . For the biosynthesis of AgNPs, different volumes (0.1 ml and 0.4 ml) of the alkaline solution (cochineal at pH 12) were diluted with 1 ml of AgNO 3 solution (10 mM; pH � 5.6), and this mixture was incubated for 1 h at 40°C.
Physical and Chemical Characterization of the Hybrid
Material.
e stability of the nanoparticles in solution at room temperature was measured after 8 days using UV-Vis spectrometry (Analytik Jena S600). CIE chromaticity diagram was analyzed using OSRAM Sylvania, Inc. (2009) software. Cyclic voltammetry was done using a three-electrode system (Metrohm Autolab PGSTAT 128N). e working electrode was a carbon electrode; a calomel (Hg/HgCl) electrode was used as reference and a platinum strand served as the auxiliary electrode. e analyses were conducted in a background electrolyte solution of 0.1 M KCl. Prior to each analysis, dissolved oxygen in the KCl solution was removed by bubbling with N 2 (g) for 15 min. e voltammetry scan rate was 0.05 V·s −1 at room temperature in the range from −1.2 to 1.2 V of the standard hydrogen electrode versus saturated calomel electrode (SHE versus SCE).
Particle size and morphology of the samples were analyzed by a scanning transmission electron microscope (TESCAN MIRA3) operating at an accelerating voltage of 25 kV equipped with a Bruker EDS XFlash 6130 detector. Dynamic light scattering (Horiba LB-550) was used to determine the hydrodynamic diameter of the AgNPs. All DLS measurements were performed at a 25°C fixed temperature.
Organic layers were grown onto quartz, silicon, and indium tin oxide (ITO)/glass substrates for the optical spectroscopy and morphology study of the samples' thin films. Before spin coating (40°C) the thin films, the substrates were cleaned with detergent, rinsed with deionized water, sonicated in organic solvents and acetone, and rinsed with alcohol before being dried in a N 2 (g) stream. X-ray patterns of the thin films from different samples were collected on an Empyrean diffractometer (PANalytical) in the Bragg-Brentano configuration at 40 kV and 45 A with monochromatic X-rays of Cu K-alpha wavelength (λ �1.541Å). e morphology in the ScanAsyst mode and surface conductivity in the conductive atomic force microscopy mode of the thin films were studied with a Bruker Icon atomic force microscope.
Results and Discussion
Hybrid Material Characterization.
e UV-Vis absorption spectra of the cochineal solutions were obtained at pH 3.8 and 12.0 (Figure 1(a) ). is pH change improves the cochineal reducing properties, which are conducive for the formation of AgNPs. Both solutions were stable at room temperature throughout the analysis. e inset in Figure 1 (a) shows the corresponding CIE chromaticity diagram. e chromaticity of the solutions changed as a function of pH (inset in Figure 1 ese changes are due to the predominance of carminic acid in cochineal, which has an anthraquinone nucleus. When diluted in distilled water (pH � 3.8) or in methanol (pH � 12), maximum absorption peaks can be observed in three bands: 243∼243.5 nm, 280∼282 nm, and 324∼331 nm, respectively, with a slight bathochromic shift, but with a strong hypsochromic shift at a wavelength from 383.6 nm to 302.5 nm.
is effect is caused not only by the carboxyl group in the C2 position but also by the deprotonation of hydroxyls in positions C3, C5, C6, and C8, which are stable at pH 12 and responsible for the hydroxyanthraquinone chromophore properties. e red color of the molecule is explained by the degree of oxidation of the anthraquinone nucleus with the maximum absorbance at 496 nm [15] [16] [17] , similar to the one found in the analyzed extract. e faster reaction kinetics of the last sample (0.4 ml of the cochineal extract in 1 ml of AgNO 3 ) likely stems from the fourfold increase in the reducing agent volume.
Figure 3(a) shows the UV-Vis spectra of the cochineal extract at pH 12.0 and after the biosynthesis of AgNPs on the eighth day. e inset in Figure 3(a) shows the CIE chromaticity diagram for the extracts at pH 12 (x � 0.251, y � 0.406) and the biosynthesis of AgNPs with 0.1 ml (x � 0.255, y � 0.238) and 0.4 ml (x � 0.275, y � 0.315) of the cochineal extract. e results show that the biosynthesis of AgNPs with 0.4 ml of the cochineal extract has greater spectral absorbance in the UV-Vis region, indicating a possible candidate for photoactive thin lms of organic solar cells [18] [19] [20] [21] .
According to Mie's theory, optical properties of metal nanoparticles are dominated by localized surface plasmon resonance (LSPR), and the pro le of LSPR bands depends on the shape of the particle [21, 22] . e AgNP mixture with 0.4 ml of the cochineal extract presented a single surface plasmon absorption band at 428.5 nm (Figure 3 (c) and Table 1) ; however, the AgNP mixture with 0.1 ml of the cochineal extract presented two plasmon bands at 443 nm with a weak shoulder peak at 379 nm (Figure 3(b) and Table 1 ), possibly suggesting nonspherical (irregularly shaped) particles [22, 23] . Hence, the two plasmon bands (at 379 nm and 433 nm; Table 1 ) presented by the Gaussian t shown in Figure 3 (b) (0.1 ml of the cochineal extract) imply the nonspherical nanoparticles [21, [22] [23] [24] . e nanoparticles formed with 0.4 ml of the cochineal extract are more likely being spherical in shape because only one band was observed at 428.5 nm (Figure 3 (c) and Table 1 ). As the number of plasmon bands observed is indicative of the shape of the nanoparticles, those nanoparticles formed in the presence of 0.4 ml of the cochineal extract had a higher probability of being spherical in shape [21] . 
Physical and Chemical Characterization of the Hybrid
e spherical AgNPs were also indicated by a STEM image in the sample synthesized from 0.4 ml of the cochineal extract (Figure 4(b) ) in agreement with the suggested results obtained of the LSPR bands. In the other sample, Figure 4 (a) shows a di use image with very small particle sizes and, therefore, inconclusive results about the true morphology of the particles. EDS (Figure 4(c) ) analysis con rmed that the particles were composed of silver when synthesized from cochineal solutions. e weight percentage of Ag in each sample (0.1 ml and 0.4 ml of the cochineal extract) was similar because the volume of silver nitrate in the reagent was the same (Table 2 ). e size distribution of the di erent AgNPs ranged between 5 and 15 nm using DLS (Figure 4(d) ).
e X-ray pattern was recorded from the same batch of samples ( Figure 5 ).
e inset in Figure 5 shows ApNPs synthesis with 0.4 mL of the cochineal extract, which was dried at 100°C as well as a graphical representation of the scattering of X-rays in the lm. When the thin lm was dried at 40°C, chlorargyrite (AgCl), silver oxide (Ag 2 O), and other structures were observed (Table 3 ). e reason is that the e wavelengths correspond to the formation of silver nanoparticles and of the natural pigment (cochineal) [21] [22] [23] . Journal of Nanotechnology 7 organic matrix which surrounds the AgNPs produces increased scattering of X-rays, limiting observation of the silver crystals. When the thin lm was dried at 100°C, silver crystals were detected (Table 3 ) [25] [26] [27] [28] . e clear detection of silver crystals was observed due to the degradation of organic compounds at that temperature. e relation detected by XRD for the two volumes of the cochineal extract of 0.4 ml and 0.1 ml for AgCl and Ag 2 O shows that the AgNPs formation was greater at the higher cochineal volume, which was con rmed by STEM micrographs, the physical-chemical analysis by EDS, and UV-Vis absorption spectroscopy. Figure 6 shows the cyclic voltammogram of the cochineal pigment and of the two hybrid materials within a potential window of −1.0 to 1.2 V.
Cyclic Voltammetry Characterization.
e cochineal extract exhibited no reduction peak; however, three oxidation peaks were observed at −0.14, −0.32, and −0.61 V in the aqueous medium. Curves b (0.1 ml of the cochineal extract) and c (0.4 ml of the cochineal extract) exhibit the reduction of AgNO 3 by oxidation of the cochineal pigment with concomitant formation of AgNPs.
e two curves (b and c) exhibit the oxidation (+0.88 V) and reduction (−0.18 V) of the cochineal extract. 0.4 ml of the cochineal extract sample (curve c) also shows a reduction event occurring at −0.66 V. Curves b (0.1 ml of the cochineal extract) and c (0.4 ml of the cochineal extract) exhibit the reduction of the Ag + ions to elemental Ag 0 by cochineal oxidation leading to stable AgNPs; however, the two curves also show the contribution of AgNO 3 . Likewise, the oxidation of Ag + to Ag 2 O is observed, especially in 0.1 ml of the cochineal extract sample in which the amount of reductant to AgNO 3 ratio was smaller. ese results show that a higher volume of cochineal is required to avoid the formation of Ag 2 O and ascertain the reduction of AgNO 3 with reasonable reaction kinetics [29, 30] . e reduction of AgNO 3 is probably due to electron transfer from carboxyl/hydroxyl groups of cochineal to Ag + resulting in stable AgNPs. e energy gap and ionization potential of the biosynthesis of AgNPs from cochineal were estimated with optical and electrochemical techniques [31] . Based on these values, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels could be determined (Table 4) . ese results show that the AgNPs synthesized from 0.4 ml of the cochineal extract have a smaller energy gap and thus have better photon absorbance (2.169 eV) than the corresponding AgNPs synthesized from 0.1 ml of the cochineal extract (2.669 eV) in the UV-Vis region. . Figures 7(a)-7(d) show AFM images from the samples of the cochineal pigment and AgNPs (0.4 ml and 0.1 ml of the cochineal extract) on silicon. e roughness of the clusters was calculated to be 2.06 ± 0.19 nm (Figure 7(a) , cochineal pigment), 5.94 ± 1.30 nm (Figure 7(b) , 0.4 ml of the cochineal extract sample), and 2.96 ± 0.35 nm (Figure 7(c) , 0.1 ml of the cochineal extract sample). e di erences between the nanoparticles from the two (( Figure 7(b) , 0.1 ml of the cochineal extract) and (Figure 7(c) , 0.4 ml of the cochineal extract)) are clearly observed by the surface roughness being less in the case of AgNPs with 0.1 ml of the cochineal extract compared to 0.4 ml of the cochineal extract, which might contribute to the size increase of the AgNPs due to cochineal adsorption. Studies show that, to obtain a good e ciency of a hybrid device, it must have roughness around 2 nm [32] . In this case, the 0.4 ml sample of the cochineal extract that exceeds this value due to the size of the AgNPs must undergo an optimization of the spincoating technique. is nding is in agreement with the size distributions shown in Figure 4(d) . e e ect of the potential size regulation is demonstrated in Figure 7 (e) for thin lms of the cochineal pigment and AgNPs (0.4 and 0.1 ml of the cochineal extract). e potential o set is positive indicating the level of conductivity possible for each sample for application in organic devices.
AFM and Electrical Measurements
Conclusion
is work demonstrates that, despite maintaining reaction time, temperature, and silver nitrate concentration, a change of the LSPR band of AgNPs was observed as a function of the amount of cochineal applied. e higher cochineal concentration (0.4 ml of the cochineal extract) generated spherical AgNPs of 5 to 10 nm and good stability at room temperature. e trace of Ag 2 O observed in the sample (electrochemistry and XRD) probably stems from the concentration of cochineal used in the preparation process. If a slightly lowered concentration was used, incomplete reduction of silver nitrate is likely. Coating AgNPs with the cochineal pigment through direct biosynthesis improved the absorption spectrum in the UV-Vis range of the nanoparticles. e AgNPs in turn improve the electrical properties of the cochineal pigment converting it into a promising photoactive layer of organic solar cells.
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